Doping, which is the intentional introduction of impurities into a material, can improve the metal-semiconductor interface by reducing Schottky barrier width. Here, we present high-quality two-dimensional SnS 2 nanosheets with well-controlled Sb doping concentration via direct vapor growth approach and following micromechanical cleavage process. X-ray photoelectron spectroscopy (XPS) measurement demonstrates that Sb contents of the doped samples are approximately 0.22%, 0.34% and 1.21%, respectively, and doping induces the upward shift of the Fermi level with respect to the pristine SnS 2 . Transmission electron microscopy (TEM) characterization exhibits that Sb-doped SnS 2 nanosheets have a high-quality hexagonal symmetry structure and Sb element is uniformly distributed in the nanosheets. The phototransistors based on the Sb-doped SnS 2 monolayers show n-type behavior with high mobility which is one order of magnitude higher than that of pristine SnS 2 phototransistors. The photoresponsivity and external quantum efficiency (EQE) of Sb-SnS 2 monolayers phototransistors are approximately three orders of magnitude higher than that of pristine SnS 2 phototransistor. The results suggest that the method of reducing Shottky barrier width to achieve high mobility and photoresponsivity is effective, and Sb-doped SnS 2 monolayer has significant potential in future nanoelectronic and optoelectronic applications.
Introduction
Two-dimensional (2D) layered transition metal dichalcogenides (TMDCs) are emerging as important building blocks for nextgeneration electronics and optoelectronics systems . While most of the intrinsic properties of the TMDCs channel are masked by the Schottky contacts resulting from the metal-semiconductor interface which is at the heart of modern semiconductor devices [24] . In general, two approaches could be used to achieve such ideal contact: (1) by carefully selecting metals with proper work functions matching with minimize energy barrier for carriers transport (Schottky-Mott rule) [25] , (2) or by using highly doped contact region to reduce Schottky barrier width [26] .
In 2D electronic research community, lots of effort have been devoted to reduce the contact barrier height using the first method, major by minimizing the contact interface states [27] [28] [29] [30] . For example, van der Waals (vdW) 2D semi-metal (graphene) [30] , vdW threedimensional (3D) metal was used as electrode to approach SchottkyMott limit with potential to achieve low Schottky barrier by selecting proper contact materials [25, [31] [32] [33] . In contract, in modern microelectronics industry (both Si and III-V), the second method is widely used, where source and drain contacts are highly doped through ion implementation. In this way, the Schottky barrier width could be greatly reduced to enhance the overall carrier injection and decrease the contact resistance (Rc). In 2D devices, lower Rc can be achieved by heavily doping the contact region using chemical doping or chemical induced phase transformation [26, 34] . However, these chemical doping approaches typically involve aggressive chemical or electrochemical treatments, and may not be applicable for 2D semiconductors with vulnerable lattice structure. What's more, in contrast to well-developed ion implantation, such chemical doping technique typically suffers from poor stability and is not obviously compatible with high resolution fabrication process.
Recently, tin dichalcogenides (SnS2) have driven considerable attention on their environment friendly, stability and fast photocurrent response time (5 μs) [35] [36] [37] [38] [39] [40] [41] . However, the mobility and photoresposivity of SnS2 need further improvement for the considerable Schottky barriers at the contacts [36] . To improve metal-semiconductor interface and obtain high optoelectronic performance, we achieved well-controlled doping of 2D Sb-doped SnS2 monolayers through micromechanical exfoliate bulk crystals grown by in-situ direct vapor-phase method. Transmission electron microscopy (TEM) characterization exhibits that Sb-doped SnS2 nanosheets have a high-quality hexagonal symmetry structure and Sb element is uniformly distributed in the nanosheets. The transistors based on the Sb-doped SnS2 monolayers show n-type behavior with high mobility which is one order of magnitude higher than that of pristine SnS2 transistors. The photoresponsivity (R) and external quantum efficiency (EQE) of Sb-SnS2 monolayers phototransistors are approximately three orders of magnitude higher than that of pristine SnS2 phototransistors. Our findings provide a reliable way to modulate the electronic and optoelectronic property of 2D materials by in-situ doping.
Results
SnS2 is a CdI2-type layered semiconductor in which S-Sn-S trilayers with internal covalent bonding are coupled by vdW forces (Fig. 1(a) ). Figures 1(b)-1(i) show the optical microscope (OM) images of mechanically exfoliated SnS2, 0.22%-Sb-SnS2, 0.34%-Sb-SnS2 and 1.21%-Sb-SnS2 nanosheets on Si/SiO2 substrate, and the corresponding atomic force microscopy (AFM) results demonstrate that the nanosheets are monolayers with thickness of 0.87, 0.72, 0.71 and 0.76 nm, respectively. Raman spectroscopy has been widely used in 2D TMDCs to characterize the phonon structure, such as crystallinity, composition and doping etc. The Raman peaks of SnS2 and Sb-doped SnS2 monolayers are located at 314 cm −1 which is corresponding to the A1g mode in SnS2 (in-plane vibrational mode of S-Sn-S lattice) [35, 36, 41] . The A1g mode of the Sb-SnS2 monolayer is broader than that of SnS2 monolayer ( Fig. 2(a) ). This broadening behavior may result from the local stress and changed atom point mass induced by doped atoms, and has also been observed in some 2D TMDs alloys [42] [43] [44] [45] [46] . X-ray photoelectron spectroscopy (XPS) was used to characterize the chemical states of elements in SnS2 and Sb-doped SnS2 Because the binding energy of XPS spectra is referenced to Fermi level in the material, the blue shifts of binding energy can be interpreted by the move up of the Fermi level in the semiconductor, resulting in n-type doping [48] . The binding energy of the Sb 3d5/2 electron peaks of 0.22%-Sb-SnS2, 0.34%-Sb-SnS2 and 1.21%-Sb-SnS2 are 531.1, 531.2 and 531.4 eV, respectively, which are obviously larger than the reported 529.8 eV of Sb2S3 [49, 50] , demonstrating that the Sb in Sb-doped SnS2 has a higher oxidation state than +3. In SnS2, each Sn atom is surrounded by six S atoms to form an octahedral coordination and the oxidation of Sn is +4. Sb and Sn are the adjacent element in periodic table. Thus the oxidation state of the Sb atom should be approximately +4. This phenomenon has been observed in Fe-doped SnS2 [47] . XPS spectra quantitative analysis reveals that the ratio of Sb:Sn:S in SnS2, 0.22%-Sb-SnS2, 0.34%-Sb-SnS2 and 1.21%-Sb-SnS2 is 0:1:1.9995, 0.0022:0.9978:1.9995, 0.0034:0.9966:1.9996 and 0.0121:0.9879:1.9996, respectively.
The crystallinity of the SnS2 and Sb-doped SnS2 is characterized using TEM. Figure 3(a) shows the low-resolution TEM image of few-layer SnS2 nanosheet on the holey carbon TEM grid. The selected area electron diffraction (SAED) pattern and the corresponding high-resolution TEM image reveal that the nanosheet has lattice spacing of 0.311 assigned to the (100) plane along the [001] zone axis, showing a high-quality hexagonal symmetry structure (Figs. 2(b) and 2(c)). The high-resolution TEM images and corresponding SAED patterns of 0.22%-Sb-SnS2, 0.34%-Sb-SnS2 and 1.21%-Sb-SnS2 nanosheets are shown in Figs. 3(d)-3(f) , and their lattice spacing of (100) plane are 0.314, 0.317 and 0.320 nm, respectively. The lattice spacing is slightly larger than that of SnS2, which should result from the doping of Sb atoms. The low-resolution TEM image of 1.21%-Sb-SnS2 nanosheets is shown in Fig. 3(g) . The elemental mapping images from energy-dispersive X-ray spectroscopy (EDS) To further investigate the electrical charge transport properties and optoelectronic performance of the SnS2 and Sb-doped SnS2 monolayers, phototransistors based on those monolayers were fabricated, with Cr/Au thin film as the source-drain electrodes and the silicon substrate as the backgate contact electrode, as shown schematically in Fig. 4(a) . The transistor measurements were conducted under vacuum at room temperature. The drain-source current (Ids)-drain-source voltage (Vds) curves of SnS2 monolayer phototransistor show a rectifying characteristics at low drain bias (< 0.15 V), indicating Schottky barrier at the contact (Fig. 4(b) ). Compared with pristine SnS2 monolayer phototransistors, the Ids-Vds relationship of Sb-doped SnS2 monolayers phototransistors are linear with good contact and the Ids under zero gate voltage (Vg = 0) of 1.21%-Sb-SnS2 (0.6 μA/μm) is approximately two orders of magnitude larger than that of pristine SnS2 (3.5 nA/μm) (Figs. 4(c)-4(e) ). Figure 4(f) show the transfer characteristics of SnS2 and Sb-doped SnS2 monolayers, performing an n-type behavior. The field effect mobility can be calculated using the following equation [47] 
where Vg is back-gate voltage. L and W are the length and width of the phototransistor, and C(SiO2) = 11.6 nF/cm 2 is the capacitance of the 300 nm SiO2 layer. On the basis of the data shown in Fig. 4(f) , the room temperature mobility of SnS2 and Sb-doped SnS2 monolayers phototransistors are shown in Table 1 . The mobility of Sb-doped SnS2 monolayers is approximately 10 times larger than pristine SnS2.
The high mobility of Sb-doped SnS2 should result from the decreasing of Schottky barrier width (WSB). The WSB was modeled as [51] 
where εs is the semiconductor capacitance, q is the electron charge, φbi is the built-in potential of semiconductor, ND is the semiconductor doping concentration. With the increasing of ND, the WSB will be decreased (Fig. 4(i) ). Thus, the current through the metalsemiconductor contact is greatly enhanced by electron tunneling. The mobility (μ) is related to the mean-free time (τ) and effective mass (m*) of the electron as follows
The mean-free time of the electron decreases with increasing of carrier scattering. Compared with pristine SnS2, Sb-doped SnS2 has improved metal-semiconductor interface by decreasing of Schottky barrier width, thus the mobility will increase with increasing the doping concentration. On the other hand, Sb-doped SnS2 has higher impurity and electron-electron scattering, which will decrease the mobility. Thus, when the doping concentration is high (1.2%), the mobility of Sb-doped SnS2 will decrease with respect to small doping ones (Table 1 ).
To estimate the doping level of the samples, Ids at zero Vg was modeled as [52] 
where n2D is the 2D carrier concentration, q is the electron charge.
From the output characteristics of SnS2 and Sb-doped SnS2 monolayers phototransistors (Figs. 4(b)-4(e)), n2D is shown in Table 1 . The carrier concentration of Sb-doped SnS2 is approximately 10 times larger than that of pristine SnS2, demonstrating the effective n-type doping. It was reported that there were various intrinsic structural defects and surface adsorbed oxygen or water molecules in MoS2 [53, 54] . The electronic carriers of SnS2 mainly come from the S vacancies. , demonstrating that Sb doping introduce shallow energy levels in SnS2. The threshold voltage was determined from the x (gate voltage)-axis intercept obtained from the linear fitting of the linear parts of the characteristic transfer curves [55] . The threshold voltage of SnS2 and Sb-SnS2 are listed at Table 1 . The negative shift of threshold voltage indicates there is a higher electron density in the semiconductor channels, consisting with the previously calculated n2D of SnS2 and Sb-SnS2 monolayers FETs.
The photoconductive properties of SnS2 and Sb-doped SnS2 are also examined using a 520 nm laser (the light density is 110 mW/cm 2 ) at room temperature. Figure 4 (g) shows that Ids can change between high and low states rapidly and reversibly. R is obtained by using the formula R = Iph/P. Iph is photocurrent which is defined as Iph = IlightIdark, and P is the light power. EQE = hcR/eλ, where h is Planck's constant; c is the velocity of light; e is the electron charge; and λ is the excitation wavelength. The calculated R and EQE of SnS2 and Sb-doped SnS2 are listed in Table 1 . The R and EQE of Sb-SnS2 monolayers phototransistors are approximately three orders of magnitude higher than that of our pristine and the previous reported SnS2 phototransistor [36] . The high R and EQE should result from the high Iph which can be estimated with the following phenomenological formula [56] 
where Γ is the number of absorbed photons per unit time, η is the efficiency of the conversion of the absorbed photons to electrons, and G is the photoconductive gain. The shallow impurity donor levels in Sb-SnS2 will promote the light transition and increase Γ. On the other hand, as the Schottky barrier is reduced, the Iph through the metal-semiconductor contact is greatly enhanced by electron tunneling [57] . The photocurrent response time of the SnS2 and 0.22%-Sb-SnS2 is less than 8 ms (the limit of our measurement is 8 ms), and the response time of 0.34%-Sb-SnS2 and 1.21%-Sb-SnS2 is 16 and 24 ms, respectively (Fig. 4(h) ). Under illumination, the impurity levels will lightly promote electron-hole recombination and increase the response time.
Conclusions
In summary, we have demonstrated 2D Sb-doped SnS2 monolayer by micromechanical cleavage method. Optical microscope and AFM are used to characterize the morphology of the sample. XPS measurement showed that binding energies of the Sn 3d5/2 and S 2p3/2 in Sb-SnS2 single crystal have a blue shift with respect to those of pristine SnS2. The phototransistors based on the Sb-doped SnS2 monolayers show n-type behavior with high mobility which is one order of magnitude higher than that of pristine SnS2 phototransistor. The photoresponsivity and EQE of Sb-SnS2 monolayers phototransistors are approximately three orders of magnitude higher than that of pristine SnS2 phototransistor. The results suggest that doping 2D semiconductors is valid to modulate their intrinsic properties and Sb-doped SnS2 has significant potential in future nanoelectronic and optoelectronic applications.
Methods

Synthesis of Sb-SnS 2 bulk crystal
Sb-doped SnS2 bulk crystals were synthesized via the direct vapor transport technique. Sn, S, and Sb powders were mixed in stoichiometric proportions (1:2:0.003, 1:2:0.004, 1:2:0.013) and placed in an ampoule. The ampoules were pumped down to the lowestattainable pressures in our system (10 -5 Torr) and sealed immediately to avoid blasting due to the high vapor pressure that developed inside the ampoule at growth temperatures. The ampoules were inserted into a two-zone tube furnace system, and the system was heated to 610 °C at a 30 °C/h rate. Samples were left at a constant temperature for 1 day. During the growth phase, the temperature of the growth zone was gradually lowered to 550 °C at a rate of 2 °C/h, and the source temperature was maintained at 560 °C. After 5 days, the system was cooled down to room temperature at a rate of 10 °C/h.
Characterization of SnS2 and Sb-doped SnS2 nanosheets
The morphologies of SnS2 and Sb-doped SnS2 nanosheets were characterized by using an optical microscope (DP27, OLYMPUS). Raman and photoluminescence (PL) measurements were conducted using a confocal microscope (invia-reflex, Renishaw) with 532 nm laser as the excitation source. To obtain the sample for the TEM characterization, the as-grown SnS2 and Sb-doped SnS2 nanosheets were transferred by the following method. In detail, first, poly(methyl methacrylate) (PMMA) was spin-coated onto the (SiO2/Si) substrate with as-grown SnS2 and Sb-doped SnS2 nanosheets, then baked on a heating plate at 100 °C for 2 min. After that, the substrate with PMMA was soaked in NaOH solution (5 g/50 mL). After the PMMA film with heterostructures aparted from the substrate and floated on the solution top surface, the PMMA film was rinsed with deionized water several times, then transferred onto a Cu grid and dried for 30 min at room temperature. Finally, the PMMA film was immersed into acetone for 2 h, leaving the sample on the grid of copper. The as-prepared TEM sample was characterized by a transmission electron microscopy (JEM-2100F, JEOL, operating at 200 kV).
Fabrication and measurements of devices
First, a layer of methyl methacrylate (MMA) copolymer was spin-coated on the SiO2/Si substrate with SnS2 and Sb-doped SnS2 nanosheets, followed by a 1 min bake at 160 °C on a hot plate. Then, another layer of PMMA was spin-coated on the substrate followed by a 5 min bake at 160 °C. Electron beam lithography was employed to define the drain and source electrodes. After conventional development process, Au metal layer (50 nm) was deposited to form the sourcedrain electrodes by thermal evaporation, and finally followed by lift-off process with acetone. The electrical and optoelectronic properties of the heterostructures were measured in vacuum (10 -4 mTorr) with the Lake Shore Probe Station and KEYSIGHT B1500A semiconductor device analyzer at room temperature. The time response of the device was measured by switching the laser on and off with an internal square-wave trigger source and recorded by the analyzer.
